exploitation of negative correlations between electrical and thermal conductivity, 12 and band engineering. 13, 14 Moreover, classical rather than quantum confinement has been reported to cause an increase in the Seebeck coefficient in gold and Antimony Telluride nanowires. 15, 16 Here we present high resolution Scanning Thermal Microscopy measurements of 100 nm wide graphene bow-tie nanoconstrictions that show a pronounced spatial dependence of the Seebeck and the Peltier effect. This change in the local Seebeck coefficient is attributed to a shortened effective Electron Mean Free Path (EMFP) due to edge scattering and opens up the possibility to readily produce two dimensional one-material thermocouples as well as accessible local temperature management and improved heat dissipation.
We perform our measurements with a Scanning Thermal Microscope (SThM) -effectively an atomic force microscop (AFM) with a microfabricated resistor incorporated close to the tip 17 - In the Peltier measurement, we use a recently developed non-equilibrium scanning probe thermometry method: 18 an AC bias V bias applied to the device through the global contacts causes an AC current I bias which results in Joule heating and Peltier heating/cooling. By measuring the temperature response of our SThM tip as it is scanned over the AC biased sample and modulating it at the first (Peltier) and second (Joule) harmonic it is possible to decouple the two effects and extract the respective heating/cooling values (see Figure 1a for the measurement schematics). In contrast, for the thermovoltage or Seebeck measurement, the SThM tip is heated by applying a high AC voltage to it and the global voltage drop over the device is recorded at the second harmonic as the hot tip is scanned over the sample. Both single layer and multilayer graphene are measured, but no thickness dependence in the size and distribution of the signal is found. Peltier and Joule heating maps of the bow tie device, are shown in Figure 1b and c, respectively, where both show a high spatial dependence, with a strong signal around the constriction. The Joule heating exhibits a temperature increase while the Peltier signal shows cooling/heating on the respective side of the constriction and a node in the middle. The Peltier signal shown here corresponds to the measured amplitude multiplied by the sine of the phase signal. It is the temperature at a certain phase at the maximum applied modulation voltage. It is worth to mention that in time average no discernible Peltier heating or cooling is taking place at the constriction for an AC bias.
18 Figure 1d shows the simultaneously measured height signal, which was used to determine the exact position of the device indicated in b and c.
The Joule heating showing a maximum in the constriction is expected due to the increased local current density, 19 however, given the continuous composition of the material in the constriction area, all thermoelectric effects in the device would be expected only in the vicinity of the Au electrodes. 20 As can be seen in Figure 1b , the Peltier signal Δ Peltier becomes strongest around the constriction itself and outlines the shape of the graphene bow-tie where the signal at the edges is broadened out due to heat spreading into the surrounding SiO 2 substrate. The SThM measurement of the device without current excitation, shows that the heat dissipation from the heated tip in the areas with and without graphene differs by less than 5% (see SI section 7). This is in agreement with findings by Tovee et al. 21 on SThM scanning of solid state materials. Thus, it is reasonable to assume that the heat mostly spreads in the under open-circuit condition, confirming that the signal likely stems from a changed local Seebeck coefficient. In addition, we observe comparatively weak "conventional" Peltier heating/cooling in the vicinity of the Au contacts (see Figure 1b) which is explained by the formation of a Peltier junction between gold and graphene at the contacts as reported previously.
4,20
Such a geometrical modification of the local Seebeck coefficient has been seen in metallic thin-film stripes and Au nanowires and was explained by structural defects and the metal grain structure, which in turn reduce the EMFP. 15, 22 The EMFP of graphene at room temperature, is typically on the order of 100s of nanometers and thus higher than in gold. 23 However, it gets substantially reduced by defect potentials such as ones stemming from rough edges, 24 which in our case have been created by the device patterning and amount up to an 80% reduction. 25 This edge scattering becomes more dominant as the width of the graphene stripe Δ ( ) reduces, giving a position dependent mean free path, which can be written as
where 0 is the bulk mean free path and and are numerical coefficients specifying the transport mode and the influence of scattering on the mean free path (see section 11 in the Supporting Information).
To extract the bulk mean free path we perform gate conductance measurements on 43 μm long and 3 μm wide graphene ribbons that give us 0 ≈ 226 ± 20 nm (see section 3 Supporting Information).
Using the Mott formula = 2 B 2 3 1 ( ) ( ) | = F we obtain an expression for the thermopower as a function of constriction width (see section 11 in the Supporting Information for more information): To further test the influence of geometrical confinement on the thermoelectric properties of graphene devices we have tested an "island" structure, where wide and narrow parts of graphene alternate and which is showing a pronounced signal at these junctions (see Figure S13 in the Supporting Information). It is worth to mention that applying a back gate voltage enables us to change the doping from ++ -doping (-30V) to -doping (30V) which results in a modification of the signal strength in the constriction by approximately 20% due to the changed carrier density (see Figure S11 in the Supporting Information). 28 The spatially dependent Seebeck coefficient extracted from the thermovoltage fit can be used to develop a COMSOL model that can reproduce our experimental Joule heating and Peltier signal (see However, in the Peltier measurement of the bow-tie device, we find that an initially linear dependence changes to a cubic one as we increase the current bias . As can be seen in Figure 3a , the data can be fitted with a combination of a cubic and linear term, where the crossover point is located at approximately bias = 33 μA. This is a deviation from the simple linear dependence predicted by ̇= Π * = * bias . We find this behavior in all geometries measured, with the crossover happening at different current levels ( Figure S7 in the Supporting Information). . A big discrepancy between the COMSOL model and the experimental data is visible both in shape and in amplitude. The asymmetry in the experimental data is sample specific and might be linked to the nanoscale structure of the nanoconstriction (see Table T1 in the SI). The inset shows the current dependency of the simulated Peltier heating, which is linear, save for a small correction (∝ 1.02) due to the Joule heating.
We attribute the unusual current dependence observed in our experiments to an "electron wind" effect: if the drift velocity drift becomes comparable to the Fermi velocity F heat is shifted with respect to the position of the constriction, effectively cooling one side and heating the other side. For this effect, we expect the Peltier heating/cooling to take the form of a sum of the common linear Peltier effect and a cubic term. The latter originates from an increasing drift velocity (linearly increasing with current) and the temperature of the hot carriers created by Joule heating (quadratic current dependency) which add up to an additional cubic term (see Supporting Information for a full derivation). Indeed, we find that a fit of this model to the measured data provides a good agreement, compared to other higher order terms (see Figure 3 and 3b ), which is about two orders lower than the observed change to a higher order exponent in the experiment.
Nevertheless, it is important to stress, that while a heat drift in the constriction due to high drift currents can explain the observed deviation from a linear current dependency as expected for the Peltier effect, the insufficient quality of the data does not allow us to proof the validity of this model. Thus, further investigations of this effect will be necessary.
To summarize, we observe a strong geometrical dependence of both the Peltier and the Seebeck effect in graphene nanoconstrictions dominating over the previously reported thermoelectric effect at the graphene-metal interface. 4, 20 We can explain this local variation of the Seebeck coefficient by a reduction in the EMFP, which is caused by the increased scattering from the edges. Compared to Au nanowires, where a similar effect has been observed previously, 15 graphene is a more suitable system for achieving control of the mean free path, due to its lower dimensionality and also comparatively bigger electron mean free path. Furthermore, we observe an additional contribution to the Peltier effect by an 'electron wind' resulting from the high drift velocity of charge carriers in the constriction. This work highlights the major influence of disorder and geometry on thermoelectric properties of graphene. Thus, thermoelectric effects are likely present in graphene whenever edge scattering becomes appreciable and can lead to undesired heating/cooling. Similarly, any temperature gradient across an edge scattering region will create a parasitic voltage drop over the device. These are important consideration for future photothermoelectric as well as thermal and electrical transport measurements in nanoscale electronic devices.
In addition, our findings have implications for thermal management in future integrated circuits made out of graphene: The results open a path to producing a single material thermocouple or Peltier element that can be precisely positioned using electron beam lithography. As shown in Figure S13 in the Supporting Information, a substantial reduction of the channel width effectively creates a highly localized Peltier element which could be used for local cooling or temperature sensing. Such all-graphene thermocouples could be integrated into planar device structures on a wafer scale and at comparatively low costs.
Methods

Device fabrication
The devices were fabricated by transferring two different types of CVD graphene, 30 multilayer (2-4 layers) and single layer (see Supporting Information), on top of a Si chip with a 300 nm SiO 2 and prepatterned Cr/Au contacts using a standard wet transfer method. 31 Subsequently, the graphene was patterned into the different geometries employing standard electron-beam lithography and then etched into different geometries using oxygen plasma etching.
Scanning Thermal Microscopy measurement methods
The SThM is located in a high vacuum environment, prohibiting parasitic heat transfer between the tip and the sample to achieve a better thermal resolution. 18, 32 In our measurements, the spatial resolution is limited by the size of the tip-sample contact which is on the order of tens of nanometers.
We used two distinct scanning measurement methods, passive SThM temperature probing and active heated-probe local thermovoltage measurements.
In the Peltier measurement, the device is electrically excited with an AC bias bias through the global contacts at a frequency of = 17Hz. The SThM tip is scanned over the sample, measuring the temperature Δ peltier at the first harmonic ( ) using a SRS830 lock-in (see Figure 1a) .
Simultaneously the unmodulated temperature-dependent DC signal and the Joule heating signal 
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